Abstract Locations and response characteristics of nociceptive neurons in the dorsal horn of the spinal cord were studied in urethane-chloralose anesthetized Japanese macaques. There were two general categories of nociceptive neurons. Neurons of the first type, nociceptive specific (NS) neurons, responded only to intense mechanical stimuli. Neurons of the second type, wide dynamic range (WDR) neurons, were activated by touch and pressure but responded maximally to noxious mechanical stimuli. NS neurons were located in laminae I and II, of the superficial dorsal horn. WDR neurons were located not only in laminae I and II o but also in laminae IV-VI. NS and WDR neurons in laminae I and II, were spatially not segregated from each other. Projecting neurons were included in both categories of nociceptive neurons, but lamina II o neurons were exclusively non-projecting neurons. Noxious heat stimulation of the peripheral receptive field as defined by mechanical stimuli, activated a significant fraction of NS and WDR neurons. Nearly all heat-sensitive WDR neurons in both the superficial layers and nucleus proprius received combined Ao-and C-fiber input. Heat-sensitive NS neurons received either exclusively Ao-fiber input or combined Ao-and C-fiber input. All the heat-sensitive neurons tested showed a monotonous increase of heat-evoked discharges between the threshold temperature and the peak temperature. In both categories of heat-sensitive neurons, noxious heat neurons predominated over warming-noxious neurons. Hence, the thermal threshold did not necessarily parallel the mechanical threshold.
In the dorsal horn of the spinal cord, mechanoreceptive neurons (CERVERO et al., there 1975;  are three general categories of MENETREY et al., 1977; CHUNG et al., 1979; . The first type, referred to as nociceptive specific (NS) neurons, responds to strong or overtly noxious mechanical stimulation of the skin. The second type, referred to as wide dynamic range (WDR) neurons, in addition to receiving nociceptive input, responds to gentle mechanical stimulation of the skin. The third type, referred to as low threshold mechanoreceptive (LMT) neurons, responds only to gentle mechanical stimulation of the skin. Both NS and WDR neurons belong to nociceptive neurons which respond exclusively or differentially to noxious stimuli. In recent studies, NS neurons were found not only in lamina I but also in the outer zone of lamina II (lamina II) PRICE et al., 1979; BENNETT et al., 1980) . WDR neurons were discovered in these two laminae as well as laminae IV-VI (CERVERO et al., 1975; CHUNG et al., 1979; PRICE et al., 1979; . A significant fraction of both NS and WDR neurons appeared to be sensitive to noxious heat (CHRISTENSEN and PERL, 1970; MITCHELL and HELLON, 1977; NECKER and HELLON, 1978; DEVOR et a!., 1982) . However, results reported from different laboratories are in conflict (see DISCUSSIoN).
In the present experiments, it has been attempted to obtain as complete a description as possible of nociceptive dorsal horn neurons both in terms of locations in the spinal cord and classes of units activated by thermally and mechanically noxious stimuli.
METHODS
Experiments were carried out on Japanese macaques (Macaca fuscata) weighing from 4.0 to 11.4 kg. Anesthesia was initially induced with ketamine (10 mg/ kg), and maintained by an intravenous dose of 3.5 ml/kg of urethane-chloralose solution (urethane 125 mg/ml and chloralose 10 mg/kg), supplemented as required. During single unit recording, the animal was immobilized by intravenous injection of pancuronium bromide (0.4 mg/kg), and artificially respired. Endtidal C02 was continuously monitored and kept between 3.5 and 4.5 %. Bilateral pneumothorax openings were made to reduce spinal cord movement with respiration.
A laminectomy exposed the lumbosacral enlargement of the spinal cord, and an additional laminectomy allowed the introduction of a coaxial stimulating electrode into the ventrolateral quadrant of the upper cervical cord. The electrode was used to activate projecting units antidromically. The left foot was fixed with the sole upwards in a holder by embedment in paraffin wax. The left posterior tibial (PT) and superficial peroneal (SP) nerves were prepared for electrical stimulation. Both were left in continunity with the skin so that receptive fields could be mapped.
Cord dorsum potentials were recorded with a monopolar platinum ball electrode placed in contact with the dorsal root entry zone. The potentials were used to evaluate the region of maximum input from the PT and SP nerves, as indicated by the greatest amplitude of the N-wave evoked by stimulation of these nerves. Single unit recordings were made using glass capillary microelectrodes filled with pontamine sky blue in 1 M Na acetate. Systematic microelectrode penetrations were made in the dorsal horn throughout the region of maximum input from the PT and SP nerves. The diameter of the microelectrode tip ranged from 2.5 to 4.0 ,um. With microelectrodes of this size, unit activities from fibers were rarely studied. Isolated unit discharges were inferred to be derived from soma of neurons by several criteria. In general, neuronal discharges were maintained, although height and form (usually biphasic) were altered, as the microelectrode transversed large distances (often over 100 µm). With electrical stimulation of the PT or SP nerve, the minimum latency of the spike discharge was found to vary far more than the easily entrained stable discharge latencies of first-order afferent fibers. Other criteria such as impulse duration and an inflection of the positive phase were also occasionally noted.
In order to minimize the risk of causing persistent damage to the nociceptors, as sequel to inflammatory reactions in the skin or modification of responses due to repeated noxious stimulation, the search stimulus during exploration of the dorsal horn was electrical stimulation of the PT and SP nerves at intensities supramaximal for A fibers. Stimulus repetition rate was once per sec. Single units were subsequently tested for additional C-fiber excitation by single stimuli at 25 V, 1 msec, and then for responsiveness to mechanical and thermal stimuli. The kinds of mechanical stimuli used included light stroking of hair or skin with a camel's hair brush and gentle or moderate pressure on the skin with a blunt probe. More intense pressure was produced by pinching with smooth or serrated forceps. Pin pricks were also used as noxious stimuli. Graded radiant heat stimulation was applied to the glabrous skin of the foot near the center of the receptive field defined by mechanical stimulation. Precisely controlled skin temperatures were obtained by a servo-controlled thermostimulator (DIA Medical, Inc.); radiant heating from a quartz halogen lamp was focused with a condenser lens onto the skin. The current to the lamp was controlled by feedback from a thermocouple in contact with the skin. The duration of heat stimuli was preset at 20 sec. The skin temperature was adapted for 3 min to 35°C before each heat stimulation. Neuronal spike records and skin temperature were displayed on the storage oscilloscope and photographed directly. Peristimulus time histograms (PSTHs) of unit activity and skin temperature were recorded on paper.
After concluding an observation of interest, the recording microelectrode was made negative and dye was extruded electrophoretically from it by passing a current of 5 ,uA for 5 min. At the termination of the experiments, animals were perfused with saline followed by 10% formalin saline. Frozen sections of 50 µm were made from the spinal cord regions of the microelectrode penetrations. Both unstained and cresyl violet-stained sections were photographed after finding and T. YOKOTA dye spots.
RESULTS
Single units were isolated and examined throughout the dorsal horn from lamina I to lamina VI. Each unit's spike height was optimized by microelectrode movement. Although we were primarily interested in nociceptive units in the superficial layers, units obtained from the deeper laminae were also studied for comparison. A total of 168 nociceptive dorsal horn units were studied. The unit types included 95 NS and 73 WDR units. All the units responded to A-fiber volleys; 73 units to those in the PT nerve, 12 units to those in the SP nerve, and 83 units to both. Twenty seven (37.0 %) PT units, 5 (41.7 %) SP units, and 63 (75.9 %) PT-SP units additionally responded to C-fiber volleys. Units were said to have a C-fiber input, if, when the intensity of the stimulus was raised above the threshold for C-fibers, a prolonged discharge appeared at the expected latency for C-fiber conduction. When a train of 3 stimuli 10 msec apart at C-fiber strength or C-fiber stimuli repeated at 1 Hz failed to activate a unit, it was said that the unit had no C-fiber input.
Altogether 117 units responded to heat stimuli applied to the center of the mechanoreceptive field. These units not only signalled the mere presence of a noxious heat, but also transmitted information on stimulus intensity which was encoded in impulse frequency. Table 1 lists the classes of units in which heatsensitive units were found, and gives the number of responding units in each class.
1. Nociceptive speck units NS units were maximally excited by overtly noxious mechanical stimuli, such as pinching the skin with a pair of serrated forceps, but did not respond to gentle mechanical stimuli. Some units were activated by firm but innocuous pressure, but increased their discharge frequencies as the intensity of stimulation was increased into the noxious range. There was a total of 95 NS units. They were located in the superficial layers; 47 units in lamina I and the remaining 48 units were in lamina II. They were identified in the medial half of the superficial layers. The medial location of NS units simply reflects that NS units having their receptive fields on the dorsal aspect of the foot were discarded. Seventeen lamina I NS units were antidromically excited by descending volleys from the contralateral upper cervical segment, i.e., they were projecting units. All the NS units in lamina II were non-projecting units.
Receptive fields of these NS units, as defined by intense mechanical stimuli, were located on the plantar surface of the ipsilateral foot. Most were relatively small, spanning one or two toes, whereas some spanned nearly half of the sole. Usually NS units showed little or no background activity, when the skin temperature of the receptive field was kept at 35°C. Namely, 65 NS units displayed no background activity. It was observed in 10 lamina I projecting units (58.8 %), 11 lamina I non-projecting units (32.8 %), and 9 lamina II units (20.0 %). The frequency of background activity was more than 1/sec in 4 lamina I projecting units, 6 lamina I non-projecting units, and 3 lamina II non-projecting units.
Heat-evoked responses were observed in 48 NS units (50.5 %). As illustrated in A and B of Fig, 1 , lamina I NS units responsive to heat stimulation were spatially not segregated from those unresponsive to the same stimulation. The situation was much the same in lamina II NS units. Figure 2 graphs the mean temperatureresponse curve of a population of units in each subgroup. The threshold temperature was defined as the skin temperature at which a unit's firing frequency increased by 20% over its background activity at 35°C. It was between 40 and 54°C. Hence, the number of spikes at 39°C in Fig. 2 approximated to the level of background activity. The threshold temperatures and maximum responses of different subgroups of heat-sensitive NS units are listed in Table 2. 1) Heat-evoked responses of lamina I NS units. Of 47 lamina I NS units, 25 received C-fiber input : 9 units from the PT nerve, 7 units from the SP nerve, and 9 units from both. Twenty five NS units responded to noxious heat applied in the receptive field as defined by mechanical stimulation. Of these, 11 units were projecting units. All the heat-sensitive projecting units except for one unit received C-fiber input. Of 14 heat-sensitive non-projecting units, 8 received Cfiber input. A complete series of thermal stimuli was presented to 19 NS units : 5 projecting units receiving C-fiber input, 1 projecting unit not receiving C-fiber input, 7 non-projecting units receiving C-fiber input, and 6 non-projecting units not receiving C-fiber input. The threshold temperature and the maximum re- The skin temperature-response curves were obtained under conditions in which heat stimuli were applied in the receptive field as defined by mechanical stimulation.
The baseline temperature was 35°C. Open squares, lamina I projecting NS units receiving C-input; filled circles, lamina I non-projecting NS units receiving C-input; open circles, lamina I non-projecting NS units not receiving C-input; open triangles, lamina II non-projecting NS units receiving C-input; filled triangles, lamina II non-projecting units not receiving C-input. sponse are shown in Table 2 . Seventeen units were noxious heat units having threshold responses between 43°C or above and having maximum responses at 51°C or above. The remaining 2 units were warming-noxious units having threshold responses at 40 or 42°C and having maximum responses at 53 or 50°C. These 2 units were non-projecting units receiving C-fiber input. The unit illustrated in Fig. 3 was located in lamina I as shown in the photomicrograph of an unstained section in Fig. 3B . The unit was a projecting unit not receiving C-fiber input. The background activity of the unit was 0.04/sec. Heat stimuli were applied to the mechanical receptive field shown in Fig. 3A . The temperature-response curve in Fig. 3C indicates that the threshold temperature was 44°C. Specimen records in Fig. 3D illustrate that in parallel with increase in the skin temperature, the latency of the response was shortened and the total impulse count of the response increased. The maximum response was obtained at 52°C. The number of spikes occurring during 15 sec period (5 sec from the heat onset to the cessation) was 111 at this temperature.
A non-projecting NS unit receiving C-fiber input is illustrated in Fig. 4 . The threshold temperature of the unit was 50°C. With increase in the skin temperature, the latency of the response became shorter and the total impulse count increased. The maximum response which was obtained at 54°C, consisted of 29 spikes.
2) Lamina II NS units. Of 48 lamina II NS units, 45 were identified in the outer zone of lamina II (lamina II). The rest were found in the inner zone of lamina II (lamina 113. None of them were antidromically excited by electrical stimulation of the contralateral upper cervical segment. Fourteen units received C-fiber input : 8 units from the PT nerve, 3 units from the SP nerve, and 3 units from both. Mechanical receptive fields of lamina II NS units tended to be smaller than those of lamina I projecting NS units obtained in the same microelectrode penetration (PRicE et a!., 1979) . Twenty three units were excited by heat stimulation of the receptive field. A complete series of thermal stimuli was presented in 11 units receiving C-fiber input and 9 units not receiving C-fiber input. The threshold temperature and the maximum response are listed in Table 2 . Of these 20 heatsensitive units, 18 units were noxious heat units having the threshold responses at 43°C or above and having the maximum response at 52°C or above. The remaining 2 units were warming-noxious units having the threshold responses at 41 or 42°C, and having the maximum responses at 52 or 48°C. A lamina II NS unit is illustrated in Fig. 5 . The unit received C-fiber input from the PT nerve. Heat stimuli of 20 sec duration were applied to either "a" or "b" in the receptive field as shown in Fig. 5B . The threshold temperature was 47°C at "a," while it was 49°C at "b." Intensity functions of the unit's response to varying temperatures of skin heating are shown in Fig. SC , in which the number of spikes occurring during 15 sec period (5 sec from the heat onset to the cessation) was plotted for each skin temperature. In both spots, the impulse count monotonously increase as functions of skin temperature between the threshold tempera- significant differences between the superficial WDR units and deeper WDR units.
Background discharges were observed in 35 WDR units in the superficial layers (89.7 %) and all the WDR units in laminae IV-VI. The background discharge rate was more than 1/sec in 40 superficial units (53.8 %) and 23 laminae IV-VI units (69.7 %). The background activity was higher in WDR units than in NS units.
Heat-evoked responses were observed in 69 WDR units (94.5 %). In general, the center of the receptive field as defined by mechanical stimuli was most sensitive to thermal stimuli. Gradient of thermal threshold in the receptive field of a WDR unit is illustrated in Fig. 6 . The unit was located in lamina I. The receptive field of the unit consisted of three parts. In the black area which was on the glabrous skin of the foot, gentle touch caused the unit to fire. The mean frequency of firing increased as the intensity of mechanical stimulation of this area was increased from light touch to noxious pinch. This area was called the center of the receptive field. In the cross-hatched area surrounding the center, light touch never produced excitation, but pressure or pinch excited the unit. In the hatched area further surrounding the cross-hatched area, pressure did not produce excitation, but noxious pinch evoked firing. The temperature-response curves in the figure indicate that the threshold temperature of the unit's response was 43°C when the center of the receptive field was stimulated. The threshold was 47°C in the cross-hatched area, and it was as high as 52°C in the hatched area. The response at 50°C consisted of 317 spikes when the center was stimulated. In contrast, heating the cross-hatched area elicited only 30 spikes. Obviously, the thermal threshold gradient paralleled the mechanical threshold gradient. In all the WDR units tested, heat stimuli were routinely applied to the area of the lowest mechanical threshold. Mean intensity function for response of a population of units in each subgroup of WDR units is shown in Fig. 7 . The threshold temperature and the maximum response of each subgroup of WDR units are listed in Table 3 . 1) Heat-evoked responses of lamina I WDR units. Altogether 30 WDR units were isolated from lamina I. Of these, 18 units (60.0%) were projecting Heat stimuli were applied to three different points included in these three receptive field zones. Skin temperature-response curves for responses of the unit to heating these points are shown in B. Each point in these curves is the increase in impulse discharge occurring during 15 sec period (5 sec from the heat onset to the cessation).
units. The percentage of lamina I projecting units was considerably higher in WDR units than in NS units. All the WDR units except for one projecting unit and another non-projecting unit, received C-fiber input: 4 units from the PT nerve, 7 units from the SP nerve, and 17 units from both nerves. Heating the center of the receptive field excited all the WDR units tested. A complete series of thermal stimuli was presented to 11 projecting units and to 9 non-projecting units. All of them received C-fiber input. As shown in Table 3 , there was no significant difference in the threshold temperature between these two subgroups of lamina I WDR units. Of these 20 units, 16 were noxious heat units having the threshold responses at 43°C or above and having the maximum responses at 49°C or above. The rest were warming-noxious units having the threshold responses at 41 or 42°C and having the maximum responses at 50°C or above. A WDR unit isolated from lamina I is illustrated in Fig. 8 . The background activity of the unit was 4.4/sec. The collision test illustrated in Fig. 8C indicated that the unit was a projecting unit. The receptive field shown in Fig. 8A consisted of three parts: touch-pressure-pinch area, pressure-pinch area, and pinch area. Heat stimuli were applied in the center of the receptive field, i, e., in the touch-pressure-pinch area. Heat-evoked discharges were generated at each stim- Collision test of antidromic responses evoked by stimulation of the contralateral upper cervical segment (A) is illustrated in C. The orthodromic stimulation was applied to the PT nerve. The skin temperature-response curve of the unit is shown in E. Heat stimuli were applied in the most sensitive receptive field zone.
ulus intensity above 43°C. The maximum response was observed at 50°C. The impulse count per 15 sec of the maximum response was 698.
2) Lamina II WDR units. Nine WDR units were obtained from lamina II. Eight of them were located in lamina II, but only one unit was identified in lamina IIi. All the lamina II WDR units except for one unit received C-fiber input: 2 units from the PT nerve and 6 units from the PT and SP nerves. Heat-evoked responses were observed in all the units. The threshold temperature and the maximum response are listed in Table 3 . Of these 9 units, 7 were noxious heat units and 2 units were warming-noxious units. The threshold temperatures of the former were 43°C or above, while those of the latter were 41-42°C. The maximum responses were observed at 49°C or above in the former, while they were observed at 50°C in the latter.
3) Heat-evoked responses of laminae IV-VI WDR units. A total of 34 WDR units were obtained from laminae IV-VI. Thirty of them received C-fiber input; 5 units from the PT nerve, 4 units from the SP nerve, and 21 units from both nerves. Heating the center of the receptive field excited 30 units. All the heatsensitive units except for one unit received C-fiber input. Of 30 heat-sensitive units, 15 were projecting units. A complete series of thermal stimuli was presented to 13 projecting units and to 10 non-projecting units. Of these, 20 units were noxious-heat units and 3 units were warming-noxious units. The former had threshold responses at 43°C or above, while the latter had them at 42°C. Both subgroups had the maximum responses at 48°C or above. The threshold temperature and the maximum response are listed in Table 3 . DISCUSSION 1. Laminar structure of dorsal horn. The dorsal horn of the spinal cord consists of laminae I-VI of REXED (1952 REXED ( , 1954 . The first two laminae are called the superficial layers. The rest of the dorsal horn constitutes nucleus proprius (BowsHER, 1978) which may further be divided into nucleus proprius proper (laminae III and IV) and the neck of the dorsal horn of Clarke (laminae V and VI) (CERVERO and IGGO, 1980) . In 1824, Luigi RoLANDO published a monograph in Italian on the anatomy of the spinal cord and stated that the posterior part of the gray matter was more gelatinous (piu gelatinosa) than the rest of the gray matter. REMAK in 1838 named it substantia gelatinosa Rolandi. In 1888, WALDEYER described "marginale Zellen" (marginal cells) in the posterior border of the substantia gelatinosa Rolandi. Since then, the substantia gelationosa Rolandi has been divided into two parts: the marginal zone and the substantia gelatinosa proper (SG proper) (REXED,1952 (REXED, ,1954 CERVERO and IGG0,1980) .
The main cellular features of the marginal zone is the presence of Waldeyer's marginal cells intermingled with small and medium sized cells. The SG proper is a well-delineated band across the dorsal horn and consists of tightly packed small cells. REXED (1952 REXED ( , 1954 identified laminae I and II with the marginal zone and the SG proper, respectively. He distinguished two zones in lamina II: an outer zone containing the smallest cells and an inner zone appearing as a lighter, less compact part. RALSTON (1979) followed Rexed's original division of lamina II into two zones, and called the outer and inner zones lamina II, and lamina III, respectively.
2. Locations of nociceptive neurons in dorsal horn. It has been generally agreed that there are WDR neurons in laminae IV-VI, mainly in lamina V. As to the locations of NS and WDR neurons in the superficial layers, however, results reported from different laboratories are in conflict.
A series of papers published by Perl and his group (CHRISTENSEN and PERL, 1970; KUMAZAWA et al., 1975; may be summarized as follows :
(1) Lamina I neurons include both projecting and non-projecting neurons, while lamina II neurons do not project long distance.
(2) NS neurons are located in laminae I and II.
(3) Lamina I is a select site for termination of Ao fibers, while lamina II is principal site of termination of C primary afferents.
Results reported by Dubner and his group (PRICE et al., , 1979 BENNETT et al., 1980; GoBEL et al., 1980) are somewhat different:
(1) Projecting neurons are located in lamina I, but not in lamina II. (4) Some NS neurons in laminae I and IIo receive exclusively Ao afferent input, while others receive combined Ao and C primary afferent input. Most WDR neurons receive combined Ao and C primary afferent input.
Nociceptive neurons in the superficial layers of Pen's group were exclusively NS neurons. Other groups reported that there are two general categories of nociceptive neurons in the superficial layers ; NS and WDR neurons. Willis and his associates (APPELBAUM et al., 1979; CHUNG et al., 1979; WILLIS et al., 1974) who studied exclusively spinothalamic neurons, also belong to these groups. Moreover, it was found in the present experiments that NS and WDR neurons in laminae I and II o are spatially not segregated from each other. It is now difficult to question the existence of WDR neurons in laminae I and II. Iggo's group proposed that WDR neurons in lamina I are exclusively nonprojecting neurons, while Dubner's group and Willis's group reported that some projecting neurons in lamina I are WDR neurons. In the present experiments, one half of lamina I WDR neurons were projecting neurons, while only one third of lamina I NS neurons were projecting neurons. It can be concluded that projecting neurons in lamina I are either NS or WDR neurons. WDR neurons were first discovered in lamina V (WALL, 1967) . Hence, neurons of this type were often called lamina V or lamina V type neurons (HILLMAN and WALL, 1969; GUILBAUD et al., 1977) . Since WDR neurons were found not only in deeper layers laminae IV-VI but also in the superficial layers laminae I and II, the term "lamina V or lamina V type neuron" is not necessarily a synonym of WDR neuron.
According to KERR (1975 KERR ( , 1976 , lamina I, in addition to the marginal cells of Waldeyer, contains at least two other neuronal types; one is cellulles limitrophes of Ramon y Cajal. The other resembles a gelatinosa neuron and can probably be regarded as such. It is likely that lamina I non-projecting units in the present experiments belonged to these two classes of neurons. Dubner's groups was in favor of Ralston's proposal that only the marginal cells are lamina I neurons (RALSTON, 1979) . They regarded stalked cells (cellules limitrophes) as lamina II neurons, and did not include them in lamina I neurons.
3. Types of heat-sensitive primary afferents responsible for heat-evoked responses of dorsal horn neurons. Investigation of the responses of peripheral nerve fibers to noxious stimulation revealed that there are specific nociceptors in the skin of the monkey. These are innervated by fine myelinated axons or by unmyelinated axons. There is now considerable evidence that nociceptors with either type of axon can be classified further into subgroups based on differences in the specificity of their responses to certain forms of stimulus energy (GEORGOPOULOS, 1974; LAMoTTE, 1979) . There are nociceptors that respond only to mechanical and not to thermal stimulation, or to the converse, while others respond to various combinations of thermal and mechanical stimulations such as heat and mechanical but not to cold, and so on. Some of these nociceptors have myelinated axons (Ao fibers) while others have unmyelinated axons (C fibers). However, there are no overall differences between myelinated and unmyelinated nociceptive afferents as to the type of stimuli to which they will respond (GEORGOPOULOS, 1974; LAMOTTE, 1979) . CHRISTENSEN and PERL (1970) reported that a class of neurons which responds to both noxious mechanical and heat stimuli, receives convergent input both from high threshold mechanoreceptive Ao fibers and polymodal C fibers. They did not suggest any contribution of heat sensitive Ao fibers to heat-evoked excitation of lamina I NS neurons. In contrast, Dubner's group reported that heat-sensitive NS neurons receive either only Ao input or combined Ao and C input. The present experiments confirmed the results of Dubner's group.
Previously, PRICE and BROWE (1975) divided heat-sensitive dorsal horn neurons into three functional groups: (1) warming units having threshold skin temperature between 35 and 42°C and responding maximally below 43°C, (2) warming-noxious units having thermal thresholds between 35 and 42°C and maximum responses above 43°C, and (3) noxious heat units having threshold responses between 43 and 50°C and usually having maximum responses at 50°C or higher. They reported that warming units tended to be LTM neurons, warming-noxious units were usually WDR neurons and noxious heat units were either NS or WDR neurons. In the present experiments, noxious-heat units predominated in both categories of nociceptive units, i.e., in both NS and WDR units. The thermal response did not necessarily parallel the mechanical response.
Locations and response characteristics of nociceptive neurons in the dorsal horn of the spinal cord of the Japanese macaque (Macaca fuscata) were studied. Animals were anesthetized with urethane-chloralose.
There were two general categories of neurons which receive nociceptive afferent input. Neurons of the first type, nociceptive specific (NS) neurons, responded only to near-noxious or noxious mechanical stimuli. Neurons of the second type, wide dynamic range (WDR) neurons, were activated by touch and pressure, but responded maximally to noxious mechanical stimuli. NS neurons were located in laminae I and IT° of the superficial dorsal horn. WDR neurons were located not only in laminae I and IT, but also in laminae IV-VI of nucleus proprius. In laminae I and II, NS and WDR neurons were spatially not segregated from each other. Projecting neurons were included in both categories of nociceptive neurons, but lamina II° neurons were exclusively non-projecting neurons.
Noxious heat stimulation of the peripheral receptive field as defined by mechanical stimulation, activated a substantial fraction of NS and WDR neurons. Nearly all heat-sensitive WDR neurons in both the superficial layers and nucleus proprius received combined Ao-and C-fiber input. On the other hand, NS neurons received either exclusively Ao-fiber input or combined input of Ao-and C-fibers. All the heat-sensitive units tested showed a monotonous increase of heat-evoked discharges between the threshold temperature and the peak temperature. In both categories of heat-sensitive nociceptive neurons, noxious-heat neurons predominated over warming-noxious neurons. Hence, the thermal response did not necessarily parallel the mechanical response.
